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SUPERCONDUCTING QUANTUM 
INTERFERENCE APPARATUS AND 
METHOD FOR HIGH RESOLUTION 

IMAGING OF SAMPLES 

RELATED APPLICATIONS 

This application claims priority to US. provisional appli 
cation Ser. No. 60/407,417 abandoned, ?led Aug. 28, 2002, 
entitled METHOD AND APPARATUS FOR HIGH RESO 
LUTION IMAGING OF SAMPLES USING SUPERCON 
DUCTING QUANTUM INTERFERENCE DEVICES, 
Which is incorporated herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention related to methods and apparatus 

for high resolution imaging of samples using a supercon 
ductive quantum interference device (SQUID). 

2. Background Art 
This section describes the background of the disclosed 

embodiments of the present invention. There is no intention, 
either expressed or implied, that the background art dis 
cussed in this section legally constitutes prior art. 

There have been a variety of different types and kinds of 
devices for imaging samples. One example of apparatus and 
methods used for high resolution imaging employs super 
conducting quantum interference devices (SQUIDs). For 
example, reference may be made to the folloWing articles, 
each of Which is incorporated herein by reference: 

J. P. WiksWo, Jr., High-Resolution Magnetic Imaging: 
Cellular Action Currents and Other Applications, edited by 
H. Weinstock (KluWer Academic, The Netherlands, 1996), 
Vol. 329, pp. 307—360. 

I. M. Thomas, S. M. Freake, S. J. SWithenby, and J. P. 
WiksWo, Jr., Phys. Med. Biol. 38, 1311 (1993). 

I. M. Thomas, T. C. Moyer, and J. P. WiksWo, Jr., Trans., 
Am. Geophys. Union 72, 138 (1991). 

S. Chatraphorn, E. F. Fleet, and F. C. Wellstood, Bull. Am. 
Phys. Soc. 44, 1554 (1999). 

J. R. Kirtley, C. C. Tsuci, M. Rupp, J. Z. Sun, L. S. 
Yu-Jabnes, A. Gupta, M. B. Ketchen, K. A. Moler, and M. 
Bhushan, Phys, Rev. Letr. 76, 1336 (1996). 

Y. R. Chemla, H. L. Grossman, T. S. Lee, J. Clarke, M. 
AdamkieWicZ, and B. B. Buchanan, Biophys. J. 76, 1336 
(1996). 

H. Weinstock, IEEE Trans. Magn. 27, 3231 (1991). 
A. Cochran, G. B. Donaldson, C. Carr, D. M. McKirdy, 

M. E. Walker, and U. Klein, Rev. Prog. Quant. Nondestr. 
Eval. 15, 1151 (1996). 

A. Abedi, J. Fellenstein, A. J. Lucas, and J. P. WiksWo, Jr., 
Rev. Sci. Instrum. 70, 4640 (1999). 

T. Varpula and H. Seppa, Rev. Sci. Instrum, 64, 1593 
(1993). 

D. S. Buchanan, D. B. Crum, D. Cox, and J. P. WiksWo, 
Jr., in Micro-SQUID: A Close-Space Four Channel Magne 
tometer, edited by S. J. Williamson, M. Hoke, G. Stroink, 
and M. Ktani (Plenum, NY, 1990), pp. 677—679. 

J. R. Kirtley, M. B. Ketchen, K. G. StaWiasZ, J. Z. Sun, W. 
J. Gallagher, S. H. Blanton, and S. J. Wind, Appl. Phys. Lett. 
66, 1138 (1995). 

R. C. Black, A. Mathai, F. C. Wellstood, E. Dantsker, A. 
H. Miklich, D. T. Nemeth, J. J. Kingston, and J. Clarke, 
Appl. Phys. Lett. 62, 2128 (1993). 

T. S. Loc, E. Dantsker, and J. Clarke, Rev. Sci. Instrum. 
67, 4208 (1996). 
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C. D. Tesche and J. Clarke, J. LoW Temp. Phys. 29, 301 

(1977). 
E. Dantsker, S. Tanaka, P. A. Nilsson, R. Kleiner, and J. 

Clarke, IEEE Trans. Appl. Supercond. 7, 2772 (1997). 
Y. S. Touloukian and E. H. Buyco, Thermophysical Prop 

erties of Matter (IFI/Plenum, NY, 1970), Vol. 5. 
J. R. Clem, IEEE Trans. Magn. 23, 1093 (1987). 
J. Clarke, in SQUID Fundamentals, edited by H. Wein 

stock (KluWer Academic, The Netherlands, 1996), Vol. 329, 
pp.1—62. 

J. R. Kirtley and J. P. WiksWo, Jr., Annu. Rev. Mater. Sci. 
29, 117 (1999). 

B. J. Roth and J. P. WiksWo, Jr., Bull. Am. Phys. Soc. 61, 
2439 (1990). 

S. Tan, B. J. Roth, and J. P. WiksWo, Jr., Bull. Am. Phys. 
Soc. 34, 1301 (1989). 

F. C. Wellstood, Y. Gim, A. Amar, R. C. Black, and A. 
Mathai, IEEE Trans. Appl. Supercond. 7, 3134 (1997). 

B. P. Weiss, J. L. Kirschvink, F. J. Baudenbacher, H. Vali, 
N. T. Peters, F. A. Macdonald, and J. P. WiksWo, Science 
290, 791 (2000). 

B. P. Weiss, H. Vali, F. J. Baudenbacher, J. L. Kirschvink, 
S. T. SteWart, and D. L. Shuster, Earth and Planetary Science 
Letters 201, 449 (2002). 

T. S. Lee, Y R. Chemla, E. Dantsker, and J. Clarke, IEEE 
Trans. Appl. Supercond. 7, 3147 (1997). 
M. B. Ketchen, D. D. AWschalom, W. J. Gallagher, A. W. 

Kleinsasser, R. Sandstrom, J. R. RoZen, and B. Bumble, 
IEEE Trans. Magn. 25, 1212 (1989). 

D. J. Stanton, J. P. WiksWo Jr., Magnetic Inverse Method 
for Determination of Anisotropic Electrical Conductivities 
in a Two-Dimensional Cardiac Bidomin, IOS Press, Amster 
dam, The Netherlands, 1995. 

J. P. WiksWo Jr., in: R. W. Fast (Ed.), High-Resolution 
Measurements of Biomagnetic Fields, vol. 33, Plenum, 
NY, 1988, pp.107—116. 

T. S. Lee, E. Dantsker, J. Clarke, Rev. Scienti?c Instrum. 
67 (12) (1996) 4208. 

C. S. HenriqueZ, Crit. Rev. Biomed. Engng. 2 (1) (1993) 
1. 

B. J. Roth, J. P. WiksWo Jr., IEEE Trans. Biomed. Engng. 
33 (4) (1986) 467. 

B. J. Roth, J. P. WiksWo Jr., IEEE Trans. Biomed. Engng. 
41 (3) (1994) 232. 

S.-F. Lin, J. P. WiksWo Jr., J. Biomed. Opt. 4 (2) (1999) 
200. 

B. J. Roth, N. G. Sepulveda, J. P. WiksWo Jr., J. Appl. 
Phys. 65 (1) (1989) 361. 

N. G. Sepulveda, B. J. Roth, J. P. WiksWo Jr., Biophys. J. 
55 (5) (1989) 987. 

J. P. Barach, J. P. WiksWo Jr., IEEE Trans. Biomed. 
Engng. 41 (10) (1994) 969. 

In order to provide high resolution imaging employing 
SQUID apparatus, it is important to have close tolerance 
spacing betWeen the sensor being or using a SQUID device 
and the sample under investigation. In this regard, reference 
may be made to US. Pat. Nos. 5,491,411 and 5,894,220, 
Which are incorporated herein by reference. In the patented 
systems, the entire SQUID device must be moved relative to 
a WindoW separating the SQUID sensor and the sample. 
Such an adjustment apparatus does not lend itself to 
extremely close tolerance spacing betWeen the SQUID sen 
sor and the sample. 

Another problem associated With the patented systems is 
that With such close tolerance spacing, it is important to 
maintain the WindoW of the SQUID and the platform for 
supporting the room-temperature sample in a parallel rela 
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tionship. Also, the patents do not disclose the manner in 
Which the sensor is connected or matched to the system to 
provide the desired high resolution imaging. 

Thus, it Would be highly desirable to provide a neW and 
improved high resolution imaging system. 

Superconducting quantum interference device (SQUID) 
magnetometers have surpassed energy sensitivity and have 
been used to provide images of the magnetic ?eld distribu 
tions associated With nerve and muscle action currents (see 
the WiksWo, et al. article), development currents in the chick 
embryo (see ?rst-mentioned Thomas, et al. article), remnant 
magnetiZation in geological thin sections (see the second 
mentioned Thomas, et al. article) currents in integrated 
circuits (see the Chatraphorn, et al., article), trapped ?ux in 
superconductors (see the Kirtley, et al. article), motion of 
magnetotatic bacteria (see the Chemla, et al. article), cracks 
and defects in metals (see the Weinstock, et al. and the 
Cochran, et al. articles), ongoing corrosion activity (see the 
Abedi, et al. article), and Johnson noise (see the Varpula, et 
al. article). Scanning SQUID microscopes are limited by the 
often-con?icted demands for high ?eld sensitivity, Which 
requires large sensing volumes and loW noise SQUIDs, and 
high spatial resolution, requiring small sensing volumes, in 
close proximity to the sample. 

One of the often-stated advantages of high-temperature 
superconductivity (HTS) over the more advanced loW-tem 
perature superconductivity (LTS) is that the higher operating 
temperature, typically around 77 K, alloWs HTS SQUIDs to 
be placed in closer proximity to room temperature samples 
than LTS ones With their loWer operating temperature (4—10 

In this regard, scanning SQUID magnetometers have 
achieved separations between the 4 K sensor and a room 
temperature sample of only 1 to 2 mm for some applications, 
With comparable spatial resolution (see the Crum, et al. 
article). The most notable successes for LTS SQUID micro 
scopes in terms of spatial resolution and sample to sensor 
spacing have had the SQUID apparatus and the sample both 
cooled to cryogenic temperatures and in a common vacuum 

space (see the Buchanan, et al. article). In contrast, HTS 
SQUID microscopes have achieved 15—50 micrometer sepa 
rations typically and 50 micrometer spatial resolution (see 
the Black, et al. and the ?rst Lee, et al. articles). HoWever, 
because of their higher operating temperature, HTS 
SQUIDS have intrinsic noise levels at 1 kHZ that are a factor 
of 4 to 5 higher than that of LTS SQUIDs (see the Tesche, 
et al. article). Unfortunately, HTS SQUIDs may suffer from 
excess 1/f noise associated With ?ux motion in the bulk 
superconductor and critical current ?uctuations in the 
Josephson junctions (see the Dantsker, et al. article). Hence 
HTS SQUIDs have not yet alWays provided the combined 
loW-frequency sensitivity and high spatial resolution 
required for magnetic imaging of many applications, such as 
bioelectric currents in living tissue and Weak remnant mag 
netiZation in geological specimens. 

Important technological features for some applications for 
both LTS and HTS SQUID microscopes is to locate the 
cryogenic SQUID apparatus in vacuum behind a thin room 
temperature WindoW (see, for example, the Buchanan, et al. 
and the Black, et al. articles). The SQUID apparatus is 
cooled by a high thermal conductivity link to a cryogen 
reservoir in the same vacuum space. While the vaporiZation 
enthalpy of liquid nitrogen is a factor of approximately 34 
greater than that of liquid helium, for HTS microscopes this 
advantage may be only partly offset by a loWer thermal 
conductivity of a typical thermal-link materials at 77 K as 
compared to 4 K. The thermal conductivity ratio for copper 
increases by a factor of 27 Whereas that for sapphire 
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4 
decreases by a factor of 10 [KCM(4 K)/KCM(77 K)=16200/ 
600:27 compared to Kmpphire(4 K)/Kmpphire(77 K)=110/ 
1100=0.1]. The radiative heat load delivered to the SQUID 
from the room temperature WindoW and surrounding hard 
Ware is independent of the WindoW-to-SQUID separation 
and is essentially the same for HTS and LTS microscopes 
(Within about 2% for some applications). These numbers 
suggest that the thermal design for an LTS microscope is 
only slightly more challenging than for an HTS SQUID 
microscope. This, coupled With the fact that the loWer 
intrinsic and I/f noise of LTS SQUIDs can provide better 
sensitivity especially in the loW frequency range (<1 HZ) 
than HTS SQUIDs, provides strong motivation for devel 
oping a high-resolution LTS SQUID microscope. 

Electric currents play a key role in a Wide range of 
biological phenomena. One of the most important ?ndings 
from our experimental and theoretical studies is that the 
ability to measure cellular action currents directly, Without 
assumptions regarding tissue conductivities or anisotropies, 
can provide neW and valuable insights into a number of 
areas. See, for example, the ?rst mentioned WiksWo, et al 
article. These include the interplay betWeen tissue proper 
ties, electric ?elds and currents, and the propagation of 
electrical activity in multicellular systems, especially those 
With anisotropies in their electrical conductivities. There are 
a number of poorly understood phenomena in cardiac elec 
trophysiology resulting from unequal tissue anisotropies and 
heterogeneieties. Theoretical analysis indicates that mag 
netic discrimination betWeen models describing these phe 
nomena is most accurate at spatial frequencies above 1 mm 
(See the forementioned Staton, et al article.) Furthermore, 
bioelectric sources of magnetic ?elds are often distributed 
over a region of this scale. In order to measure these ?elds, 
for some applications it may be important to have a ?eld 
sensitivity on the order of a feW 100 ff HZ_1/2 at frequencies 
from about 1 HZ to 1 kHZ (see the second WiksWo, et al 
article). This may be achieved by loW temperature super 
conducting quantum interference device (SQUID) magne 
tometers With the required spatial resolution. In order to 
obtain high spatial resolutions a 4.2 K sensor must be placed 
in close proximity to the room temperature sample, typically 
at distances comparable to the spatial resolution. As here 
inafter described in greater detail, a scanning SQUID micro 
scope (SSM) is optimiZed for imaging biomagnetic ?elds 
and present initial measurements of magnetic ?elds associ 
ated With current injection and the propagation of action 
currents in cardiac tissue. 

DESCRIPTION OF DRAWINGS 

The folloWing is a brief description of the accompanying 
draWings: 

FIG. 1 is a diagrammatic sectional elevational vieW of a 
SQUID microscope constructed in accordance With an 
example of the present invention; 

FIG. 2a is a diagrammatic cross-sectional vieW of a tip of 
the microscope; 

FIG. 2b is a scanning electron microscope image of a 
pick-up coil for the microscope of FIG. 1; 

FIGS. 3 and 4 are graphs useful in the understanding of 
the microscope of FIG. 1; 

FIG. 5 is a diagrammatic front vieW of the microscope of 
FIG. 1; 

FIG. 6 is a graph useful in understanding the operation of 
the microscope of FIG. 1; 

FIG. 7(a) is an image produced by the microscope of 
FIG. 1; 
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FIGS. 7(b) and 8 are graphs useful in understanding the 
operation of the microscope of FIG. 1; 

FIG. 9 is a side diagrammatic vieW of the lever mecha 
nism that allows close spaced adjustment of the sensing 
element; 

FIG. 10 is a plan diagrammatic vieW of the lever of FIG. 
9; 

FIG. 11(a) is a diagram of a heart illustrating the imaging 
area for a given experiment using the microscope of FIG. 9; 

FIG. 11(b) is an MCG graph useful in understanding one 
example of the present invention; 

FIGS. 12 and 13 illustrate examples of images produced 
by the microscope of FIG. 9; 

FIGS. 14—21 are diagrams of various detection coils. 
FIG. 22 is a graph of the response of gradient coil 

sensitivity relative to the response of a magnetometer. 
FIG. 23 is a graph of the response of a magnetometer and 

axial gradiometer to a magnetic dipole. 
FIG. 24 is a graph of the response of a magnetometer and 

axial gradiometer to a current source. 
FIGS. 25—31 are methodologies of magnetic measure 

ments Without and With applied magnetic ?elds. 
FIG. 32 is a plan vieW of an embodiment of a fractional 

turn SQUID magnetometer 
FIG. 33 is a circuit diagram of a SQUID magnetometer. 
FIG. 34 is a circuit diagram of a fractional-turn SQUID 

magnetometer. 
FIG. 35 is a circuit diagram of a SQUID magnetometer 

having an extended pickup loop in series With the Josephson 
loop. 

FIG. 36 is a circuit diagram of a bare SQUID magnetom 
eter. 

DETAILED DESCRIPTION OF CERTAIN 
EXAMPLES OF THE PRESENT INVENTION 

The folloWing description is organiZed according to the 
folloWing outline: 
A) SYSTEM OVERVIEW 
B) SQUID MICROSCOPE DESIGN—GENERAL 
DESCRIPTION 

C) CRYOGENIC DESIGN 
D) DEWAR TAIL AND WINDOW CONSTRUCTION 
E) PICKUP COIL 
E) SCANNING AND LEVELING STAGES 
F) MAGNETIC SHIELDING 
G) CALIBRATION AND DATA ACQUISITION 
H) OPERATION OF DISCLOSED EMBODIMENT 
I) IMAGING ACTION CURRENTS IN CARDIAC TIS 
SUE 

J PICKUP COIL POSITIONAL ADJUSTMENT 
K IMAGING ACTION CURRENTS IN CARDIAC TIS 
SUE 

L) EXPERIMENTAL METHOD 
M) ALTERNATIVE DETECTION COILS 
N) DETECTION COIL MODULARITY 

The foregoing organiZation outline is used only for the 
purpose of facilitating the organiZation of the description 
and is not intended to limit the interpretation of the appended 
claims. 

A) System OvervieW 

According to one example of the invention, a high reso 
lution SQUID microscope is provided and enables close 
spacing to a room-temperature sample. 
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According to one tentative aspect of an embodiment of 

the invention, a thin WindoW construction is used to enable 
a SQUID sensor to be positioned in close proximity to the 
sample under inspection. As to a tentative detailed example 
of such a thin WindoW construction, a thin WindoW plate is 
af?xed to a thick WindoW plate having a hole therein. As to 
a more detailed example, the thick WindoW has a conical 
shaped Well. 

Other tentative features of the disclosed embodiment of 
the invention relate to using a mechanism for causing the 
WindoW and the sensor, as Well as other components, to 
assume a substantially parallel con?guration. In one dis 
closed embodiment of the invention, the sensor is in the 
form of a coil Which is Wound With ?ne conductor Wire. 

According to another example of a SQUID microscope 
constructed according to the invention, a microscope images 
Weak magnetic ?elds using submillimeter pickup coils made 
from conventional loW-temperature superconducting Wire 
such as niobium Wire coupled to the input circuit of a 
superconducting quantum interference device (SQUID). 
According to an example of the invention, the pickup coil 
and the SQUID sensor are mounted in the vacuum space of 
the cryostat and are thermally anchored to the liquid helium 
reservoir. In one example, a 25 micrometers thick sapphire 
WindoW separates the room temperature (RT) sample and the 
vacuum space. According to that example, the spacing 
betWeen the pickup coil and RT sample Was typically less 
than 130 micrometers. The spatial resolution is limited by 
the diameter of the pickup coil. The pickup coils are 
relatively easily interchangeable, alloWing the SQUID 
microscope to be adapted to a variety of different measure 
ments. A spatial resolution of 250 pm has been achieved 
With a magnetic ?eld sensitivity of 850 fT Hz”2 or a spatial 
resolution of 500 pm With a magnetic ?eld sensitivity of 330 
fT HZ1/2. This instrument may be used to measure various 
?elds such as biomagnetic and paleomagnetic ?elds. 

According to one example of the invention, a scanning 
superconducting quantum interference device (SQUID) 
microscope images magnetic ?elds of room-temperature 
samples With sub-millimeter resolution. Hand-Wound nio 
bium pickup coils may be coupled to commercially available 
loW temperature SQUID sensors according to one example 
of the invention. The SQUID sensor and the pickup coil are 
located in the vacuum space of the cryostat and are separated 
by a 25 pm sapphire WindoW from the room-temperature 
sample. The spacing betWeen the tip of the pickup coil and 
the sample is typically <100 pm. In some examples of the 
invention, pickup coil diameters of 250 and 500 pm With 
various numbers of turns depending on the desired spatial 
resolution have been employed. For example, a 500 pm 
diameter pickup coil achieved a ?eld sensitivity of about 330 
fT HZ_1/2 for frequencies above 1 HZ. This alloWs the 
recordation of magnetcardiograms (MCGs) on the surface of 
an isolated Langendorff perfused rabbit heart according to 
one experiment performed. MCGs at 1600 locations on a 
16x16 mm2 grid on the surface of an isolated rabbit heart 
stimulated With a point electrode in the center of the grid 
have been recorded. The MCGs Were combined to produce 
a time series of tWo-dimensional magnetic ?eld maps, Which 
shoW a clear, octopolar pattern during the current injection, 
a similar pattern With a reversal in currents immediately 
after current injection, and the generation and propagation of 
an elliptical action-current Wave front. 
According to the disclosed embodiment of the present 

invention, a loW-temperature superconductivity (LTS) 
SQUID microscope is provided. Important technological 
features for some applications for both LTS and HTS 
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SQUID microscopes is to locate the cryogenic SQUID 
apparatus in vacuum behind a thin room-temperature Win 
doW (see, for example, the Buchanan, et al. and the Black, 
et al. articles). The SQUID apparatus is cooled by a high 
thermal conductivity link to a cryogen reservoir in the same 
vacuum space. While the vaporiZation enthalpy of liquid 
nitrogen is a factor of approximately 34 greater than that of 
liquid helium, for HTS microscopes this advantage may be 
only partly offset by a loWer thermal conductivity of a 
typical thermal-link materials at 77 K as compared to 4 K. 
The thermal conductivity ratio for copper increases by a 
factor of 27 Whereas that for sapphire decreases by a factor 
of 10[KCu(4 K)/KCM(77 K)=16200/600=27 compared to 
KmPphl-r€(4 K)/Kmpphire(77 K)=110/1100=0.1]. The radiative 
heat load delivered to the SQUID from the room tempera 
ture WindoW and surrounding hardWare is independent of the 
WindoW-to-SQUID separation and is essentially the same for 
HTS and LTS microscopes (Within about 2% for some 
applications). These numbers suggest that the thermal 
design for an LTS microscope is only slightly more chal 
lenging than for an HTS SQUID microscope. This, coupled 
With the fact that the loWer intrinsic and 1/f noise of LTS 
SQUIDs can provide better sensitivity especially in the loW 
frequency range (<1 HZ) than HTS SQUIDs, provides strong 
motivation for developing a high-resolution LTS SQUID 
microscope. 

Electric currents play a key role in a Wide range of 
biological phenomena. One of the most important ?ndings 
from our experimental and theoretical studies is that the 
ability to measure cellular action currents directly, Without 
assumptions regarding tissue conductivities or anisotropies, 
can provide new and valuable insights into a number of 
areas. See, for example, the ?rst mentioned WiksWo, et al 
article. These include the interplay betWeen tissue proper 
ties, electric ?elds and currents, and the propagation of 
electrical activity in multicellular systems, especially those 
With anisotropies in their electrical conductivities. There are 
a number of poorly understood phenomena in cardiac elec 
trophysiology resulting from unequal tissue anisotropies and 
heterogeneieties. Theoretical analysis indicates that mag 
netic discrimination betWeen models describing these phe 
nomena is most accurate at spatial frequencies above 1 mm 
(See the forementioned Staton, et al article.) Furthermore, 
bioelectric sources of magnetic ?elds are often distributed 
over a region of this scale. In order to measure these ?elds, 
for some applications it may be important to have a ?eld 
sensitivity on the order of a feW 100 fT HZ_1/2 at frequencies 
from about 1 HZ to 1 kHZ (see the second WiksWo, et al 
article). This may be achieved by loW temperature super 
conducting quantum interference device (SQUID) magne 
tometers With the required spatial resolution. In order to 
obtain high spatial resolutions a 4.2 K sensor must be placed 
in close proximity to the room temperature sample, typically 
at distances comparable to the spatial resolution. As here 
inafter described in greater detail, a scanning SQUID micro 
scope (SSM) is optimiZed for imaging biomagnetic ?elds 
and present initial measurements of magnetic ?elds associ 
ated With current injection and the propagation of action 
currents in cardiac tissue. 

B) Squid Microscope Design-General Description 

In order to obtain high spatial resolutions the sensor is 
placed in close proximity to the room temperature sample 
for some applications, typically at distances comparable to 
the spatial resolution. (See the WiksWo, et al. article). Hence 
the major challenges are to bring and maintain a close 
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spacing betWeen the sensor at loW temperature (about 4.2 K) 
and the sample at room temperature. Therefore, the sensor is 
placed in the vacuum space behind a thin sapphire WindoW. 
The sensor is maintained at cryogenic temperatures in the 
vacuum space in close proximity to the room temperature 
sapphire WindoW. The sample is scanned in close proximity 
to the WindoW. The instrument is magnetically shielded from 
environmental noise. 

C) Cryogenic Design 

Referring noW to the draWings and more particularly to 
FIG. 1 thereof, there is shoWn a loW-temperature SQUID 
microscope 10, Which is constructed according to preferred 
embodiment of the invention. The microscope 10 includes a 
deWar 12 contains tWo stacked reservoirs 14 and 16. The 
loWer reservoir 14 contains liquid helium and the upper 
reservoir 16 contains liquid nitrogen. The 3.2 liter nitrogen 
tank or reservoir 14 is thermally linked to an aluminum 
radiation nitrogen shield generally indicated at 18 that 
surrounds the 1.9 liter helium reservoir 14 and extends 
doWnWardly to the tip or distal end 21 of the cryostat or cold 
?nger 23, shielding the interior against thermal radiation 
from the surrounding Walls. By having the shield 18 extend 
to the tip 21, a SQUID pick-up coil 24 is facilitated to be 
positioned in a closely spaced relationship to a room 
temperature sample to be inspected. The nitrogen shield 18 
is further Wrapped in multiple layers of aluminiZed mylar 
superinsulation to reduce the thermal load due to radiation 
on the liquid nitrogen shield and therefore makes the opera 
tion of the sensor possible and also increases the hold time 
of the nitrogen contained in the reservoir. The helium 
reservoir 14 is supported by its ?ll tube 25, Which provides 
a rigid mechanical connection to a top plate 27. Similarly, 
the nitrogen reservoir 16 is attached to the top plate 27 by its 
?ll tube, and a ?exible brass belloWs 29 is connected at the 
bottom of the reservoir to help avoid mechanical stress due 
to differential thermal contraction. To help add more 
mechanical stability to the nitrogen reservoir 16 and the 
shield 18, there are a plurality of horiZontal glass ?ber rods 
such as rods 38 and 41. The heat load on the helium reservoir 
14 imposed by the mechanical support structure is about 20 
mW. The glass ?ber rods contribute about 10 mW, and the 
?ll tube 25 and nitrogen reservoir or tank 16 approximately 
5 mW each. 
A SQUID sensor 43 is housed in a niobium container in 

the vacuum space of the cryostat 23 and is thermally 
anchored to the helium reservoir 14. The SQUID sensor 43 
and its readout electronics (not shoWn) may be purchased 
from Quantum Design, San Diego, Calif. A loW thermal 
conductance transmission line (not shoWn) and a vacuum 
feed-through (not shoWn) are used to connect the SQUID 
sensor 43 in the vacuum space of the cold ?nger 23 to a 
preampli?er (not shoWn) of the ?ux-lock-loop electronics 
(not shoWn). In the preferred embodiment example, an 
experimental model Was tested using tWo tWisted pairs of 
Wires (not shoWn) Were installed in the same Way for 
monitoring the temperature With loW temperature sensing 
diodes (not shoWn) at various locations during the initial 
testing. The heat load from the electrical connections to the 
room temperature top plate on the helium reservoir 14 is 
negligible or small since they have loW thermal conductance 
and they get pre-cooled by Wrapping them around the 
helium ?ll tube. 

In order to couple external magnetic ?ux to the SQUID 
sensor 43, the pickup coil is connected to the input terminals 
of the SQUID sensor 43 via line 47. The pickup coil 24 of 



US 7,002,341 B2 

the present example Was Wound from 25 pm thick niobium 
titanium (Nb-Ti) Wire onto a sapphire bobbin 49 With a tip 
diameter of either 250 or 500 pm, depending on the spatial 
resolution and ?eld sensitivity requirements. From the 
pickup coil 24 to the input terminals of the SQUID sensor 
43, the line 47 comprises the Nb-Ti Wire tWisted as a pair 
and shielded in a lead tube to provide the required spatial 
separation betWeen sensing volume and the SQUID sensor 
43 Without detecting stray magnetic ?elds. The pickup coil 
24 is glued to the sapphire bobbin 49 With a thin layer of 
cyanoacrylate. As best seen in FIG. 2(a), the sapphire bobbin 
49 is thermally anchored to the helium reservoir 14 With the 
copper cold ?nger 23. The details of the sapphire bobbin 49 
and the tip 21 of the nitrogen cooled aluminum shield 18 are 
shoWn schematically in FIG. 2(a). The cold ?nger 23 is 
fabricated from oxygen-free, high-conductivity copper 
(OFHC) and is used to cool the SQUID sensor 43, the lead 
tubing line 47 and the sapphire bobbin 49. In the preferred 
embodiment, the main body of the sapphire bobbin 49 is 3.1 
mm in diameter and 30 mm long. The diameter of the bobbin 
49 is reduced over a length of 5 mm in tWo steps, ?rst to an 
intermittent diameter of 1 mm, and then for the coil 24 a ?nal 
diameter of either 250 or 500 pm. The bobbin 49 is clamped 
to the tip of the cold ?nger 23. The lead tubing line 47 is 
guided through a hole (not shoWn) in the cold ?nger 23 
directly into the Nb SQUID sensor 43 that is housed inside 
the copper structure at the base. The cold ?nger 23 is ?nally 
screWed to a cold plate 52 of the helium reservoir 14. In 
general, a thin layer of ApieZon N grease may be used in 
situations Where a high thermal conductance betWeen dif 
ferent components may be important. 

The entire structure starting at the tip 21 of the sapphire 
bobbin 49 With the pickup coil 24 is Wrapped in multiple 
layers of aluminiZed mylar for radiation shielding. As shoWn 
in FIG. 2(a) the sapphire bobbin 49 is surrounded by a 
conical shaped extension of the previously described nitro 
gen shield 18. The extension 54 of the nitrogen shield 18 to 
the very tip 21 and the layer of aluminiZed mylar on the 
sapphire tip are both crucial for the cooling of the pickup 
coil 24 beloW the transition temperature. The measured 
temperature of the cold ?nger 23 at the height of the sapphire 
bobbin 49 is about 4.2 K, even if the pickup coil 24 is 
exposed to a large solid angle and is therefore not super 
conducting. This indicates that the heat How is limited by the 
diameter of the distal end of the sapphire bobbin 49, 
consistent With an analysis based upon the thermal conduc 
tance and the diameter of the sapphire bobbin. A non 
superconducting coil can be easily diagnosed either by the 
absence of a response to a dc magnetic ?eld or an elevated 
White noise level of the SQUID sensor itself. 

Once the pickup coil 24 is superconducting and exhibits 
a response to the dc magnetic ?eld, the White ?ux noise level 
may be about 4 .mu.0/HZ—1/2, indicating negligible noise 
contributions from the pickup coil 24 or surrounding metal 
lic structures. The conical aluminum nitrogen shield exten 
sion 54 surrounding the pickup coil 24 may include a 
plurality of longitudinally extending slots such as slots 56 
and 58 (FIG. 2a), in order to prevent or reduce circular 
currents in the plane of the pickup coil. The cone extension 
54 may be composed of aluminum material, or of a 
machined G-10 ?ber-composite material, or coil foil. When 
composed of the G-10 ?ber-composite material, thin copper 
strips may be anchored to the loWer part of the nitrogen 
shield. Calculations demonstrated that the Nyquist noise 
contribution (see the Clem article) of the cold ?nger, nitro 
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10 
gen shield, WindoW mechanism, and cryogen tanks Was less 
than the intrinsic noise levels of the SQUID apparatus 
coupled to the pickup coil. 

D) DeWar Tail and WindoW Construction 

Referring noW to FIG. 2(a), in order to help realiZe a close 
proximity of the pickup coil 24 and the room temperature 
sample according to an embodiment of the invention, a thin 
sapphire WindoW 61 is used to separate the vacuum space 
from atmospheric pressure. The 25 pm thin sapphire WindoW 
61 is supported by an inner thick backing WindoW 63, Which 
overlies the thin WindoW 61 on the vacuum side thereof to 
help support it structurally. The thick WindoW 63 may be 1 
mm thick and composed of sapphire. The thick WindoW 63 
is annular in shape and has an outer diameter of 25 mm and 
a 1.5 mm inner diameter that tapers to a diameter of 9 mm 
on the vacuum side of the WindoW 63, as shoWn in FIG. 2(a). 
The tapered central hole 65 enables the nitrogen shield 
conical extension 54 to surround the coil 24 in close prox 
imity to the WindoW 61, therefore reducing the radiation 
load. 
The 1.5 mm hole diameter Was chosen in order to mini 

miZe the boWing of the 25 pm sapphire thin WindoW 61 due 
to the atmospheric pressure. According to Lee et al., (see the 
?rst Lee article) the boWing b can be calculated using 

where t is the thickness of the WindoW, P the pressure 
difference across the WindoW, a the WindoW radius, v the 
Poisson’s ratio, and E the Young’s modulus. For the example 
of the design of the invention as build and tested, conditions 
of a =0.75 mm, E=345 Gpa, v=0.3, t=25 micrometers, and 
P=101.3 kPa, the above equation predicts a boWing of just 
over 1 micrometers. No boWing could be detected With a dial 
indicator With 10 micrometers resolution. 
As best seen in FIG. 1, the position of the WindoW relative 

to the stationary pickup coil 24 can be adjusted With 
micrometer screWs and the ?exible brass belloW 29. There 
are three vertical adjustment screWs such as screWs alloW for 
adjusting the tilt and the spacing betWeen the pickup coil 24 
and the thin sapphire WindoW 61, Whereas three horiZontal 
screWs such as screWs 72 and 74 are required to center the 

pickup coil 24 Within the hole 65 (FIG. 2(a)) of the backing 
WindoW 63. The distance betWeen the pickup coil 24 and the 
sapphire WindoW 61 is determined by measuring the 
required vertical movement of the objective of an inverted 
microscope When focusing on the pickup coil and subse 
quently on the inner surface of the sapphire WindoW. Typical 
operational distances betWeen the coil 24 and the sapphire 
WindoW 61 are about 50 pm but can be as loW as 25 pm for 
a limited period of time. The stability can be enhanced With 
a more rigid construction of the deWar 12 and a ?rm 
anchoring of the helium and nitrogen reservoirs to the outer 
casing, Which might lead to reduced thermal ef?ciency for 
the cryostat 23. 

E) Pickup Coil 

According to one example of the present invention, the 
pickup coil 24 is hand-Wound With 25 pm insulated Nb-Ti 
Wire on the tip of the sapphire bobbin 49. In general, coils 
may be used With tWo layers of multiple turns, Where the 
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second layer brings the Wire back to the starting position and 
reduces the sensitivity of the system to traverse magnetic 
?elds. In some applications, Where high ?eld sensitivity Was 
required, four layer coils on a 500 pm diameter bobbin may 
be used. The individual layers are ?xed to the sapphire 
bobbin 49 With cyanoacrylate. A scanning electron micro 
scope image of a pickup coil is shoWn in FIG. 2(b). In order 
to prevent the introduction of additional ?uX into the input 
circuit of the SQUID sensor, the coil leads 47 (FIG. 1) are 
tWisted and threaded through a thin lead tube from the 
pickup coil 24 into the niobium SQUID housing of the 
cryostat 23. Multiple layers of crinkled aluminiZed mylar 
foil are tightly Wound onto the ?nal layer of the coil for 
radiation shielding. 

The ?uX induced into the pickup coil 24 is converted by 
the SQUID sensor 23 and its feedback electronics into a 
voltage directly proportional to the ?uX. The magnetic ?uX 
is the product of ?eld strength B and the coil area A times 
the number of turns, such that the smaller the pickup coil, the 
loWer its absolute ?eld sensitivity and the higher its spatial 
resolution. In order to optimiZe or at least improve the 
pickup coil design, a detailed simulation of the images Were 
conducted that may be obtained from particular sources of 
interest. The SQUID microscope 10 is designed to image 
magnetic ?elds from distributed, biological currents sources 
such as cardiac depolariZation Wave fronts or action currents 
in nerve ?bers or single plant cells. A current-carrying Wire 
as the source of the magnetic ?eld optimiZes or at least 
improves the pickup coil. The microscope 10 may be used 
for many other applications as Well. Similar calculations 
may be done using magnetic dipoles for distribution of 
ferromagnetic particles or brecciated thin sections of rocks, 
Which are generally composed of grains With individual 
magnetiZation, or current dipoles for cellular bioelectric 
sources. The calculations use the energy sensitivity and the 
?Xed input inductance of the commercial SQUID sensor as 
boundary conditions. 

For detailed description of the fundamentals of SQUID 
based instruments, refer to the articles by Clarke, and by 
Kirtley et al. In the present eXample of the inventive system, 
the pickup coil 24 is directly connected to the input coil 
forming a superconducting ?uX transformer circuit. A mag 
netic ?uX applied to the pickup loop, 64>”, results in a 
screening current, Js in the input circuit. FluX quantization 
requires that 

6¢p+(L,-+Lp)-JS=O (2) 

Where L, is the inductance of the input transformer and LP 
the inductance of the pickup coil. The in?uence of currents 
?oWing in the input circuit on the SQUID and vice versa 
have been neglected. In the limit of an in?nitesimal small 
?uX, or the SQUID being in the ?uX-locked loop, the amount 
of ?uX introduced into the SQUID, 6%, is given by 

M Mp (3) 

Where Mi is the mutual inductance betWeen the input coil 
and the SQUID. The mutual inductance is 

Mi =Ow/L1-iy (4) 

Where 0t is the coupling constant and LS the inductance of the 
SQUID. This alloWs us to reWrite Eq. (3) to 
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m/ LS - L; Mp (5) 

The minimum ?uX detectable at the pickup coil 24 is 
obtained by equating the square of 64’: With the equivalent 
?uX noise of the SQUID, SFZQLS, Where ‘S is the equivalent 
noise energy of the SQUID. Hence Eq. (5) is solved for 64)” 
and square the result to obtain SW), the spectral density of 
the equivalent ?uX noise referred to the pickup coil such that 

¢ 14.112 

The corresponding minimum detectable magnetic ?eld is 
given by 

Sun (7) 
Bun : ¢ 

n - 7r- rg ’ 

Where rp is the radius of the pickup coil an n the number 
of turns. 

Equations (6) and (7) may be used to calculate the ?eld 
sensitivity of the coil geometries. The minimum detectable 
magnetic ?eld has a minimum for Li=Lp. One eXample of 
the disclosed embodiment of the SQUID microscope 10 has 
a ?Xed input coil impedance of Li=1.86 pH, Which is not 
matched to typical inductances of approximately 0.1 pH for 
a 20 turn pickup coil on a 500 pm diameter bobbin in order 
to obtain maXimum sensitivity. The energy sensitivity is 
e=3.6><10—31 J/HZ. 

To convert the minimum detectable magnetic ?eld into a 
minimum detectable current in the Wire, the total ?uX of the 
pick up coil is calculated at a ?Xed height. The total ?uX is 
the sum of the ?uXes from each turn of the coil. Each turn 
is treated as an individual plane at a different height. The ?uX 
of a single turn results from integrating the ?eld over the 
area. For the integration, the area may be developed and 
divided into a grid of 50 distributed area elements (see the 
Roth, et al., article). The ?eld in the center of each element 
Was calculated using the laW of Biot-Savart. 

In order to estimate the spatial resolution there is calcu 
lated the ?uX induced into the pickup coil by tWo parallel 
Wires separated a distance d as a function of position 
perpendicular to the Wires at a ?Xed height of 100 pm. FIG. 
3 shoWs the normaliZed ?uX as a function of position for a 
cylindrical pickup coil diameter of 250 pm scanned at a 
height of 100 micrometers across tWo parallel Wires carrying 
identical currents. The tWo Wires can be separated if the tWo 
peaks can be discerned near the Zero crossing. If the signal 
to-noise ratio is ?xed, the minimum detectable separation 
distance d is de?ned as the value of d for Which the central 
peaks are 10% of the maXimum signal, Which corresponds 
to a signal-to-noise ratio of 5:1, rather than using the 
conservative Rayleigh criterion used previously. (see the 
Tan, et al., article) 

In the present eXample of the inventive cylindrical pickup 
coil design, the minimum detectable separation depends 
upon the coil con?guration because the height of the coil 
depends on the number of turns and the diameter depends on 
the number of layers. In order to ?nd the minimum detect 


















